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In this paper, we study the domain wall motion induced by vertical current flow in asymmetric
magnetic tunnel junctions. The domain wall motion in the free layer is mainly dictated by the
current-induced field-like torque acting on it. We show that as we increase the MTJ asymmetry,
by considering dissimilar ferromagnetic contacts, a linear-in-voltage field-like torque behavior is ac-
companied by an enhancement in the domain wall displacement efficiency and a higher degree of
bidirectional propagation. Our analysis is based on a combination of a quantum transport model
and magnetization dynamics as described by the Landau-Lifshitz-Gilbert equation, along with com-
parison to the intrinsic characteristics of a benchmark in-plane current injection domain wall device.
PACS numbers: 71.10.Pm, 73.22.-f, 73.63.-b
INTRODUCTION
Control of magnetic domain wall (DW) motion in
nanowire-like structures using current injection has been
of interest for memory applications due to promising
qualities of low power consumption and non-volatility
[1]. The typical mode of operation for DW devices is
current injection in-plane (CIP) along the propagation
direction of the DW [2–5]. However, current injection
perpendicular to the plane (CPP) has the potential to
be more space-efficient since it allows vertical integration
of device structures. More importantly, CPP DW prop-
agation has shown DW velocities up to 100 times faster
than that of a CIP configuration at similar current den-
sities [6–8]. This CPP configuration has the form of a
perpendicular magnetic tunnel junction (MTJ), consist-
ing of fixed and free magnetization layers that sandwich
a MgO insulating layer shown in Fig. 1(a).
Current-induced propagation of the DW in the free
layer of the MTJ relies on spin transfer torque (STT),
where spin-polarized electrons interact with the mis-
aligned magnetization of the DW to induce movement.
The contribution of STT to magnetization dynamics in
in-plane magnetized MTJs can be decomposed into two
terms: a torque acting in-plane that will be referred to as
the damping-like (DL) torque and an out-of-plane torque
which is also known as the field-like (FL) torque. In
such systems, it was demonstrated that the FL torque
is the main contributor to DW motion [7, 8]. This is
due to the fact that in in-plane magnetized thin films,
magnetic charges at top and bottom surfaces act to sup-
press the DL torque contribution as it tends to rotate the
magnetization out-of-plane, leaving only the FL torque-
induced DW displacements [7, 8]. In addition, the volt-
age characteristics of these current-induced torques and
their relative magnitudes were shown to depend on the
degree of asymmetry of MTJ devices having dissimi-
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FIG. 1: (Color online) Domain wall (DW) device with
vertical current flow. (a) We consider a magnetic tunnel
junction where an in-plane DW displacement in the free layer
is induced by a vertical current flow. The DW on the top
layer is represented by shaded red region. In this picture,
tunneling electrons transfer spin angular momentum to the
misaligned moments in the free layer via spin transfer torque,
giving rise to a DW displacement. Top (free) and bottom
(fixed) layer are assumed to be dissimilar ferromagnets, as
represented by blue and green layers. (b) sketch of the top and
bottom layer bands. Red and blue bands represent minority
and majority spin bands, respectively, while the blue shaded
regions represent the filled states for each ferromagnetic layer.
The band filling of the bottom layer differs from the top one
by a quantity δ, which is the asymmetry parameter.
asymmetry-induced tunability of the voltage dependence
of the FL torque has important energy efficiency conse-
quences when considering DW motion in the free layer
in the CPP configuration, which has not been explored
to-date.
In this work, we demonstrate that by increasing the
asymmetry between the fixed and free layers of a MTJ,
the voltage dependence of the FL torque is modulated,
which leads to significantly improved current density and




























also demonstrate that unlike symmetric MTJs, bidirec-
tional DW motion can be achieved in asymmetric MTJs,
allowing for new switching modality in these devices.
Our analysis suggests that the faster DW velocities, in
conjunction with improvements in energy efficiency with
asymmetric MTJs can allow a CPP device to outperform
counterpart CIP DW devices.
THEORETICAL MODEL
The system is sketch in Fig. 1(a). A top ferromagnetic
layer with a DW, represented by the red shaded region,
is separated from the bottom magnetic layer (fixed layer)
with a single domain along the x direction by a thin insu-
lating spacer. We assume that the top and bottom ferro-
magnets have in-plane magnetization with different band
fillings as sketched by the blue shaded regions in the band
diagrams of Fig. 1(b). The MTJ asymmetry is controlled
by the band filling difference via the parameter δ. In this
section, we present the theoretical model employed in the
description of DW motion due to current-induced torque
mediated by the spin polarized tunneling electrons. A
description of the quantum transport model used for in-
vestigating the evolution of spin transfer torques with
the MTJ asymmetry is followed by the analysis of the
Landau-Lifshitz-Gilbert (LLG) equation applied to the
DW motion in the free layer.
Current-induced torque
Following Refs. [9, 10, 12–14], we describe the non-
equilibrium properties of the MTJ with a single-orbital
tight-binding (TB) model in combination with quan-
tum transport simulations. The system is composed
of two semi-infinite magnetic leads coupled to an in-
sulating spacer via spin-independent hopping matrices
HI,T (B) = tσ0, where σ0 = I2×2 is the 2×2 identity ma-
trix in spin space and t is the associated hopping pa-
rameter. The Hamiltonian of the coupled system has the
block tridiagonal form
H =
 HT HT,I 0H†T,I HI HI,B
0 H†I,B HB
 , (1)
Where Hα, with α = T, I,B, refers to the Hamiltonian
block describing the top ferromagnet (T), the insulating
spacer (I) and the bottom ferromagnet (B), respectively.
Each region is assumed to be composed of several atomic









where the sum over atomic plane indexes i, j extends over
nearest-neighbors only and c†iσ (ciσ) creates (annihilates)
an electron with spin σ in the i-th atomic plane. Each
atomic monolayer is assumed to be translationally invari-
ant along the in-plane directions. For simplicity, we as-
sume that all hopping parameters are spin-independent
with the same value t = −1 eV in all regions [9–13].
With this assumption, the spin dependent block Hamil-
tonian elements for each layer is given in terms of the
spin-dependent onsite energy εσ(k||), where k|| refers to
the in-plane momenta, and nearest-neighbor hopping pa-
rameter t as Hσσ
′
ij = δσσ′δijεσ(k||)+ δσσ′(δi,j+1 + δi,j−1)t
where σ =↑, ↓ is the spin index and δij(σσ′) is the Kro-
necker delta for real (spin) space labels. Assuming the
interface is oriented along the xy plane, the translation
invariance along the in-plane directions allows us to ex-
press εσ(k||) = εσ + 2t(cos(kx) + cos(ky)).
For the calculations presented in this paper, we as-
sume ε↑ − EF = 3.0 eV, ε↓ − EF = 5.6 eV for the T
ferromagnetic layer (free layer) with spin quantization
axis along the x′ direction and ε↑ − EF = 3.0 + δ eV,
ε↓−EF = 5.6 + δ eV for the B ferromagnetic layer (fixed
layer) with spin quantization axis along the x direction,
where the Fermi level is fixed at EF = 0 eV and the pa-
rameter δ controls the asymmetry between the magnetic
layers [9–11]. Additionally, the tunnel barrier is assumed
to be composed of N = 3 atomic planes with onsite ener-
gies ε↑ = ε↓ = 9.0 eV and the hopping parameters assume
the values t↑ = t↓ = −1.0 eV. The particular choice of
parameters provides a good estimate of the right order of
magnitude of spin torques, exchange coupling and tun-
neling magnetoresistance (TMR) of Fe/MgO/Fe MTJs
[15–17].
In steady state, the spin transfer torque acting on the
local moments at the i-th atomic plane of the top lead is
Ti = −[∇ ·Q]i, where [∇ ·Q]i = Qi−1,i −Qi,i+1 is the












stands for the spin-current density between the i-th and
j-th atomic planes. Additionally, ~σ = (σx, σy, σz) is
a vector of Pauli matrices, Hij is hopping matrix be-
tween sites i and j, G<ij is the lesser Green function of
the whole coupled system and the k|| integration is per-
formed over the 2D in-plane Brillouin zone (BZ). The to-
tal spin transfer torque acting on the top magnetic lead is
T =
∑
i∈RTi = Q0,1, corresponding to the spin current
density between the last atomic layer of the insulating
spacer (0-th layer) and the first atomic layer of the top
magnetic layer (1-st layer). It is important to mention
that the angular dependence of current-induced torques
in MTJ devices is dictated only by the sine of relative an-
gle, θ, between the magnetization of the two ferromagnets
[9–13, 15]. Thus, we only need to evaluate the voltage
dependence of these torques for a single angular configu-
ration, say θ = π/2, in order to obtain their dependence
over all important parameters for our analysis. When
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FIG. 2: (Color online) Voltage dependence of current-induced torques and current density. Voltage dependence of
the (a) DL, (b) FL current-induced torques and (c) current density for asymmetric MTJs for several asymmetry parameters δ.
The horizontal dashed lines highlight the equilibrium value of these quantities.
the system is driven out of equilibrium under an applied
voltage µT−µB = eV we assume that the potential drops
linearly inside the oxide layer.
Figure 2 displays the voltage dependence of DL and FL
torques, as well as the charge current density for several
different values of the asymmetry parameter δ. The hor-
izontal dashed lines highlight the equilibrium values (at
µT = µB) of these quantities. As is apparent from the
blue symbols in Fig. 2(a), the current-induced DL torque
exerted on the free layer of a symmetric MTJ (δ = 0
eV) switches sign as one reverses the voltage polarity,
being more efficient when spin polarized electrons flow
from the fixed to the free layer, i.e., at V > 0 according
to our convention. Such feature enables one to achieve
bipolar-bidirectional magnetization switching whenever
the torque intensity surpasses the intrinsic damping of a
free layer [18, 19]. The same qualitative features are also
observed in asymmetric MTJs (δ 6= 0 eV cases), but now
with a smaller voltage modulation, i.e., smaller torque
strength at a given voltage. It is worth emphasizing that
the voltage modulation of the current density also drops
with increasing δ such that the torque efficiency, defined
as TDL/J , might actually increase within some asymme-
try window where the current density drops faster [11].
The voltage dependence of the current-induced FL
torque acting on the free layer is displayed in Fig. 2(b) for
several asymmetry parameters δ. First, one notices that
the interlayer exchange coupling (IEC), being the mag-
nitude of this torque at equilibrium, i.e., at V = 0 V,
changes as one tune the asymmetry of the MTJ. This
feature, that is apparent by the shift in the horizon-
tal dashed lines, can be understood in terms of Bruno’s
model for IEC [20], where its strength depends on the
relative value of the reflection coefficients of majority
and minority spins at both oxide/ferromagnet interfaces.
Hence, as δ increases, electrons scatter differently as they
encounter a larger energy barrier at the B interface, mod-
ifying the strength of the IEC between fixed and free
layer mediated by the insulating spacer. Secondly, while
the DL torque always presents qualitatively similar volt-
age dependencies with varying δ, the FL torque might
completely change its voltage dependence from purely
quadratic (δ = 0 eV) to linear (see, for example, the
δ = 1.8 eV case). Such features were predicted in the
context of a similar TB approach and used to explain the
FL torque voltage dependencies observed by different ex-
perimental groups [9, 10]. Such linear-in-voltage behav-
ior of the FL torque was also predicted to be useful in
assisting bipolar magnetization switching in asymmetric
MTJs having non-negligible voltage control of magnetic
anisotropy (VCMA) in the free layer [11].
In the next section, we explain how we combined
the quantum transport results for the current-induced
torques with the Landau-Lifshitz-Gilbert equation for de-
scribing DW motion in the free layer in the CPP config-
uration.
Landau-Lifshitz-Gilbert equation
The magnetization dynamics are described by the LLG
equation with an added spin transfer torque term
dm
dt







where m is the magnetization of the free layer normalized
with saturation magnetization MS , γ is the gyromagnetic
ratio, α is the Gilbert damping parameter, µ0 is the vac-
uum permeability, and tfree is the thickness of the free
layer. Heff is the effective magnetic field due to magne-
tostatic, exchange, and anisotropy energies added to any
external magnetic field.
The total torque density due to STT is described as
TSTT = TFLm×mp + TDLm× (m×mp), (5)
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where m (mp) is the magnetization direction of the free
(pinned) layer, TDL is the magnitude of DL torque, and
TFL is the magnitude of FL torque. The FL torque is also
understood as the non-equilibrium interlayer exchange
coupling.
With the results of TDL and TFL from the quan-
tum transport calculation in the previous section, the
magnetization dynamics are solved using MuMax3, a
GPU-accelerated micromagnetics simulator [21]. The
system simulated in MuMax3 is a Fe/MgO/Fe rectan-
gular nanowire where the dimensions of the free layer
are 15 nm wide and 3 nm thick. To evaluate the ve-
locity of the DW, the length of the system is treated as
infinite. The magnetic parameters used are of Fe, with
MS = 1.7×106 A/m, exchange stiffness Aex = 1.3×10−11
J/m, and Gilbert damping constant α = 0.006. The
magnetization of the fixed layer of the MTJ is fixed in
the +x direction. The magnetic system as described by
Eq. (4) is numerically solved on a 3-dimensional mesh
where the mesh size is 1.5 × 1.5 × 1.5 nm3. Current is
injected in the +z direction and is uniformly distributed
across the wire cross-section. The calculation assumes
zero temperature. The non-equilibrium torque density
contributions as a function of voltage from the quantum
transport calculation are interpolated to be used in the
micromagnetics simulation.
RESULTS
In this section, we present the DW propagation results
along with analysis using a 1-dimensional model. We also
present intrinsic delay and energy efficiency benchmarks
of a proposed vertical current injection logic device and
discuss the advantages of a MTJ structure.
Domain wall velocity
To produce the micromagnetics results of DW velocity
dependence on current density, a constant voltage was
applied perpendicularly across the MTJ where a positive
voltage leads to electron flow from the fixed layer to the
free layer. The position of the DW as a function of time
was tracked using the average +x-direction magnetiza-
tion of the nanowire and the steady-state velocity of the
DW was recorded. This was repeated multiple times,
changing the voltage for each trial. Using the average
current density per voltage shown in Fig. 2, the depen-
dence of DW velocity on current density can be obtained.
It can be seen in Fig. 3(a) that for the symmetric case,
DW velocity is characteristically quadratic, leading to
unidirectional motion. With increasing asymmetry, the
dependence of DW velocity on current density becomes
characteristically linear which leads to bidirectional DW
motion in the small current density regime. The change
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FIG. 3: (Color online) DW velocity characteristics for
asymmetric MTJs. (a) DW velocity as a function of the av-
erage current density for different asymmetries δs. The sym-
bols were obtained numerically by solving the LLG equation
for the rectangular nanowire with current-induced torques ob-
tained from the quantum transport simulations. The solid
lines are the analytical toy model results. (b) Asymmetry-
dependent DW velocity per applied current density. Different
symbols/curves were obtained by considering different applied
current densities. Unidirectional and bidirectional highlighted
regions for negative and positive VDW/J , respectively, refers
to the directionality of DW motion for each asymmetry case.
(c) DW position for two cases δ = 0.0 eV and δ = 1.8 eV as
a function of time. The voltage pulse is also shown as a solid
black curve.
from even to odd dependence in voltage is reflective of the
quadratic and linear FL torque dependence with voltage
in symmetric and asymmetric MTJs, respectively. Addi-
tionally, the results indicate that a velocity of over 100
m/s can be obtained with current density 1×106 A/cm2
for a more asymmetric MTJ, which is more efficient than
that of in-plane current injection [1].
A 1-dimensional analytical approximation described by












− Φ̇ + γ TFL
MStfree
= 0. (6b)
Here, u is the DW velocity, ∆ is the width of the DW,
Kx is the anisotropy constant in the x-direction, and Φ
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The steady state solution of the analytical approximation
is Φ̇ = 0, which yields the expression shown in Eq. (7).
This approximation indicates that DW velocity in this
configuration is solely dependent on FL torque. Utilizing
DW width ∆ as the fitting parameter, ∆ = 11.7 nm was
obtained for minimum mean squared error while the ac-
tual DW width calculated from the magnetization profile
is ∆ = 12.1 nm. From this analysis, the analytical model
is in good agreement with the micromagnetics data.
In order to quantify the efficiency of DW propaga-
tion, the figure-of-merit of DW velocity divided by cur-
rent density is presented. The results for micromagnetics
simulation are shown in Fig. 3(b). The results here indi-
cate a clear trend; for small current densities, asymmetry
significantly increases the efficiency of DW propagation
in terms of current density. The increase in efficiency
can be traced to the fact that increased asymmetry leads
to more dominant field like torque contributions, which
plays a more critical role in DW motion in this geome-
try. Additionally, the figure-of-merit for the symmetric
MTJ (δ = 0 eV) is negative, indicating unidirectional
DW propagation. This is in contrast to the case of an
asymmetric MTJ, where bidirecitonal DW propagation
allows for greater control of DW dynamics.
An important point to emphasize is the bidirection-
ality of the DW motion at different asymmetry levels.
Figure 3(a) and (b) suggest that DW motion in symmet-
ric MTJs, having δ = 0.0 eV, is purely unidirectional,
i.e., the vertical current flow induces movement along a
particular direction for both voltage polarities, being in-
capable of reversing the DW motion to the opposite direc-
tion due to the quadratic voltage dependence of the FL
torque in this case. Asymmetric MTJs, however, display
a linear-in-voltage dependence of the FL torque. There-
fore, asymmetric MTJ devices (with δ 6= 0 eV) are more
appropriate for applications were the bidirectionality of
the DW movement via electrical means is required. To
illustrate this difference, we plotted the DW position as
a function of time for symmetric (δ = 0.0 eV) and asym-
metric (δ = 1.8 eV, as an example) MTJ devices under a
voltage pulse of absolute value of 0.1 V that reverses sign
at t = 3 ns, as shown in Fig. 3(c). Before t = 3 ns where
the voltage is positive, DWs for symmetric and asym-
metric devices move in opposite directions. After the
voltage polarity reversal at t = 3 ns, one observes that
DW motion of symmetric MTJ is not reversed while that
of the asymmetric device is, i.e., asymmetric devices offer
a greater flexibility when considering voltage control of
DW motion under vertical current flow. We also observe
that the DW in asymmetric MTJs propagates much far-
ther than DW in symmetric devices, as is apparent in
Fig. 3(c).










δ ( e V )
 R e t a n g u l a r    0 . 2 5  n s  r a m p
 G a u s s i a n      0 . 5 0  n s  r a m p
 B e n c h         0 . 7 5  n s  r a m p
                   1 . 0 0  n s  r a m p
FIG. 4: (Color online) CPP vs. CIP. CPP device intrinsic
energy dissipation considering different voltage pulses: Rect-
angular (open squares), ramp with different rise times ranging
from 0.25 ns to 1.00 ns (filled symbols) and Gaussian (open
circle) shaped voltage pulses. The horizontal dashed line is
the CIP benchmark from Ref. [22]
Intrinsic device benchmarking
In this section, a comparison in terms of energy dissi-
pation is made between the presented CPP device and a
benchmark CIP device. While most benchmarks require
a device architecture beyond the scope of this paper, in-
trinsic benchmark comparisons can be made. The bench-
mark device is a 3-terminal MTJ device utilizing in-plane
current injection [5]. Using the same methodology as in
Nikonov et al., the intrinsic energy dissipation for a logic




V (t) ∗ [J(t) ∗ L ∗W ]dt (8)
where tint is the time delay taken for the DW to propa-
gate past the sensing MTJ, V (t) and I(t) are the voltage
and current, and L and W are the length and width of
the channel.
In order to make comparisons to the in-plane current
injection device, the time delay is set at tint = 1.77
ns. The width and thickness of the free layer are set
as W = 15 nm and t = 1.5 nm respectively. The length
of the sensing MTJ is set to be 30 nm, same as that used
in Nikonov et al. at twice the width of the channel. The
length of the channel greatly affects the energy dissipa-
tion of the device, and here it is set to be 1.5 times the
size of the sensing MTJ to accommodate extra length re-
quired for pinning sites at the ends of the nanowire. Ad-
ditionally, for standardization purposes, the input wave-
form voltage amplitude is set to be 0.1 V. The input wave-
forms used are rectangular, variable timing ramps, and
6
Gaussian. The DW dynamics are simulated using Mu-
Max3 and the DW position is tracked using the method
previously described in the DW velocity section.
For the results in Fig. 4, the case for a symmetric MTJ
(δ = 0 eV) is not included because it is not possible to
obtain a time delay tint = 1.77 ns. For the degrees of
asymmetry presented, the energy dissipation is generally
monotonically decreasing for increasing asymmetry, indi-
cating increased device efficiency. However, for the 0.75
and 1.00 ns ramps, there is a slight increase in energy
dissipation between δ = 1.2 eV and δ = 1.8 eV. Ad-
ditionally, for δ = 1.8 eV, the effect seems to become
more pronounced as the ramp time increases. This is
likely the result of the nonlinear relationship between
voltage, current density, and non-equilibrium FL torque.
However, across the more experimentally accessible range
of δ, it can be concluded that device intrinsic efficiency
increases as device asymmetry increases. Additionally,
the efficiency of the proposed CPP device can outper-
form the CIP benchmark device (horizontal dashed line)
with appropriate tuning of device asymmetry. It is also
found that the Gaussian pulse (more adiabatic) results in
the most efficient switching while the rectangular pulse
(more abrupt) generally results in the least energy effi-
cient switching.
CONCLUSIONS
To summarize our results, we use a quantum trans-
port model in conjunction with a micromagnetics model
described by the LLG equation to demonstrate that
DW propagation efficiency in a vertical current injection
MTJ with in-plane magnetization can be significantly in-
creased by increasing the asymmetry of the ferromagnetic
contacts. This is due to the fact that DW propagation
with this geometry is dominated by the FL torque; as
the asymmetry of the MTJ is increased, the voltage de-
pendence of the FL torque acting on the free layer is al-
tered. We present two different methods to quantify DW
propagation efficiency, with current density as well as en-
ergy dissipation of a proposed device that utilizes vertical
current injection. In both cases, there is a clear general
trend of increased efficiency with increased asymmetry.
In particular, this increased asymmetry can significantly
improve the performance of the proposed device and po-
tentially outperform a CIP benchmark device. Due to
the current efficiency limitations of vertical current in-
jection, it may not be perfectly suitable to implement
in a logic device. However, these results have promis-
ing implications for applications like spintronic intercon-
nects, where vertical current injection has already been
shown to be effective [23]. We show that by tuning the
asymmetry of a vertical current injection magnetization
in-plane MTJ, increased DW propagation efficiency as
well as bidirectional DW motion can be achieved.
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